e Aspergillus fumigatus is the primary etiologic agent of invasive aspergillosis (IA), a major cause of death among immunosuppressed patients. Echinocandins (e.g., caspofungin) are increasingly used as second-line therapy for IA, but their activity is only fungistatic. Heat shock protein 90 (Hsp90) was previously shown to trigger tolerance to caspofungin and the paradoxical effect (i.e., decreased efficacy of caspofungin at higher concentrations). Here, we demonstrate the key role of another molecular chaperone, Hsp70, in governing the stress response to caspofungin via Hsp90 and their cochaperone Hop/Sti1 (StiA in A. fumigatus). Mutation of the StiA-interacting domain of Hsp70 (C-terminal EELD motif) impaired thermal adaptation and caspofungin tolerance with loss of the caspofungin paradoxical effect. Impaired Hsp90 function and increased susceptibility to caspofungin were also observed following pharmacologic inhibition of the C-terminal domain of Hsp70 by pifithrin-or after stiA deletion, further supporting the links among Hsp70, StiA, and Hsp90 in governing caspofungin tolerance. StiA was not required for the physical interaction between Hsp70 and Hsp90 but had distinct roles in the regulation of their function in caspofungin and heat stress responses. In conclusion, this study deciphering the physical and functional interactions of the Hsp70-StiA-Hsp90 complex provided new insights into the mechanisms of tolerance to caspofungin in A. fumigatus and revealed a key C-terminal motif of Hsp70, which can be targeted by specific inhibitors, such as pifithrin-, to enhance the antifungal activity of caspofungin against A. fumigatus.
A spergillus fumigatus is the major cause of invasive aspergillosis (IA), a life-threatening invasive fungal infection in the everexpanding population of immunosuppressed patients (1) . While voriconazole represents the first-line therapy against IA, echinocandins (e.g., caspofungin) are an alternative treatment that may become more attractive, as the voriconazole resistance of A. fumigatus is increasing (2) . However, the antifungal activity of caspofungin against A. fumigatus is limited by cell wall compensatory mechanisms resulting in antifungal tolerance (i.e., survival despite growth-inhibitory concentrations of the drug) (3, 4) . Echinocandins' lack of fungicidal activity against A fumigatus and the loss of efficacy of caspofungin at higher concentrations (known as the "paradoxical effect") may affect clinical outcomes (5, 6) .
The molecular chaperone heat shock protein 90 (Hsp90) was shown to be an important trigger of resistance or tolerance to caspofungin in yeasts and molds (7) (8) (9) (10) . Genetic or pharmacologic inhibition of Hsp90 potentiates the antifungal activity of caspofungin against A. fumigatus and abolishes the paradoxical effect (8, 9, 11) . Hsp90 controls the folding and activation of a subset of client proteins via a chaperone cycle involving heat shock protein 70 (Hsp70) and the Hsp90-Hsp70 organizing protein (Hop), also known as Sti1 or p60 (12) . In this model, Hsp70 first binds the client protein and transfers it to Hsp90 via Hop/Sti1. The role of Hsp70 and Hop/Sti1 in antifungal tolerance or resistance has not been previously defined.
Members of the Hsp70 family are among the most highly conserved proteins in bacteria and eukaryotes. The cytosolic Hsp70 proteins in the model yeast Saccharomyces cerevisiae include the Ssa (four members) and Ssb (two members) subfamilies (13) . Proteins of the Ssa subfamily are essential, as at least one of them should be present for viability (14) , while mutant forms of both Ssb proteins are viable (15) . Similar to other Aspergillus spp., A. fumigatus has two cytosolic Hsp70 proteins: Hsp70 (Afu1g07440, Ssa homolog) and HscA (Afu8g03930, Ssb homolog) (16, 17) . While hscA deletion resulted in very minor phenotypic consequences, our attempts at the deletion or genetic repression of hsp70 have failed, which supports its essentiality (data not shown).
The cochaperone Hop/Sti1 mediates the interaction between Hsp70 and Hsp90 via the highly conserved C-terminal EEVD motif present in both Hsp70 and Hsp90 (18, 19) . Various genetic modifications of Hop/Sti1, or of the Hsp90 EEVD motif, were shown to affect Hsp90 ATPase activity and disrupt the interaction of Hsp90 with its client proteins in eukaryotes (18, (20) (21) (22) In this study, we investigated the functional and physical interactions of Hsp90, Hsp70, and StiA and their respective contributions to cell wall compensatory mechanisms in response to caspofungin in A. fumigatus.
MATERIALS AND METHODS

Genetic constructs.
Various strains were constructed in order to investigate the Hsp70-StiA-Hsp90 complex in A. fumigatus (Table 1) . Plasmid pJW24, containing the pyrG cassette from Aspergillus parasiticus, and plasmid pUCGH, containing the hygromycin resistance cassette (hph) and the gene for enhanced green fluorescent protein (egfp), were used for genetic cloning (8) . For the primers used in this study, see Table S1 in the supplemental material. For the stiA deletion strain, the approximately 1-kb regions upstream and downstream of the target gene were cloned to flank the pyrG cassette of plasmid pJW24, which was used as a selectable marker. For protein localization by EGFP labeling, the approximately 1-kb C-terminal portion of the respective gene was cloned into pUCGH upstream of egfp after removal of the stop codon, while the noncoding sequence located downstream of the gene was cloned flanking the hph cassette. The conserved acidic amino acid residues of the C-terminal EEVD and EELD motifs of Hsp90 and Hsp70, respectively, were mutated to nonpolar alanine to generate the Hsp90-AAVA-EGFP and Hsp70-AALA-EGFP strains. Mutations were introduced by fusion PCR with complementary primers containing the desired mutations, as previously described (23) . The akuB KU80 mutant A. fumigatus strain deficient for nonhomologous end joining (24) and the uracil/uridine auxotroph akuB KU80 pyrG mutant were used as recipient strains for all constructs to facilitate homologous integration. Transformation of A. fumigatus was performed as previously described (25) . Homologous recombination and correct integration of the mutations were verified by PCR and/or Southern blotting.
In vitro growth and susceptibility testing. The impact of each genetic modification on radial growth, conidiation, and the responses to various stress conditions was assessed after inoculation of a suspension of 10 4 conidia onto glucose minimal medium (GMM) (26) agar plates and incubation at 37°C for 5 days. For heat stress, the GMM plates were incubated at 55°C for 5 days. The effects of the Hsp90 inhibitor geldanamycin (Selleck Chemicals, Houston, TX), the Hsp70 inhibitor pifithrin-(2-phenylethynesulfonamide [PES]; Enzo Life Sciences Inc., Farmingdale, NY), and conventional antifungal agents (caspofungin, voriconazole) were tested on GMM agar plates containing a defined concentration of each drug. For localization analyses, EGFP-tagged strains were grown on coverslips in GMM broth for 16 to 20 h at 37°C in the presence or absence of antifungal drugs and for an additional hour at 55°C for heat stress conditions. Microscopic analyses were performed by light and fluorescence microscopy with an Axioskop 2 Plus microscope (Zeiss) equipped with AxioVision 4.6 imaging software.
Proteomic analyses. Determination of protein interactions was performed by nanoflow liquid chromatography (LC)-electrospray ionization-tandem mass spectrometry (MS/MS) after purification of the EGFPtagged target protein by GFP-Trap (ChromoTek, GmbH, Martinsried, Germany), on-resin trypsin digestion, and chromatographic separation of resulting peptides on a NanoACQUITY ultraperformance liquid chromatograph (Waters Corp., Milford, MA) as previously described (27) . MS/MS data were acquired on a Waters Synapt G2 mass spectrometer with precursor MS scans from m/z 50 to 2,000 operating in a data-dependent mode of acquisition. The three most abundant ions were selected for MS/MS by using a charge state-dependent collision-induced dissociation energy setting with a 60-s dynamic exclusion list employed. Raw data were processed in Mascot distiller (Matrix Science) and submitted to Mascot database searches (Matrix Science) against an NCBI RefSeq Aspergillus database with search tolerances of 10 ppm for precursor ions and 0.04 Da for product ions using trypsin specificity with up to two missed cleavages. Carbamidomethylation (ϩ57.0214 Da on C) was set as a fixed modification, whereas oxidation (ϩ15.9949 Da on M) and deamidation (ϩ0.9840 Da on N and Q) were considered variable modifications. All searched spectra were imported into Scaffold (v 4.1; Proteome Software), and confidence thresholds were set by using a Bayesian statistical algorithm based on the PeptideProphet and ProteinProphet algorithms, which yielded a peptide and protein false-discovery rate of 0.5%.
RESULTS
StiA modulates Hsp90 function with distinct roles in caspofungin and heat stress responses. To assess the link between Hsp90
and Hsp70 in stress responses, we first deleted the Hsp90-Hsp70 organizing protein-encoding gene stiA (see Fig. S2 in the supplemental material). The ⌬stiA mutant strain did not exhibit any growth defect compared to the control strain under standard growth conditions but displayed increased susceptibility to the Hsp90 inhibitor geldanamycin and to caspofungin ( Fig. 1) , supporting the role of StiA in an Hsp90-dependent pathway of caspofungin tolerance. However, the paradoxical increase in growth seen at a higher caspofungin concentration (4 g/ml) was conserved ( Fig. 1 ). Heat stress adaptation was moderately compromised ( Fig. 1) , while the response to voriconazole was not significantly altered (data not shown).
In order to localize StiA, we next generated a strain in which StiA was labeled with the enhanced green fluorescent protein (StiA-EGFP). Under standard growth conditions, StiA was homo- Deletion of stiA and mutation of EELD motif of Hsp70 to AALA with C-terminal egfp tagging geneously distributed within the cytosol with also distinct nuclear localization ( Fig. 2A) . This localization was not affected by heat stress. However, exposure to caspofungin induced a shift of StiA from the cytosol to the septa and sites of cell wall regeneration ( Fig. 2A) , similar to our previous observation with Hsp90 (8) . This result, coupled with the increase in the susceptibility of the ⌬stiA mutant strain to caspofungin, further supports the role of StiA in the adaptive response to caspofungin stress. In order to verify that StiA is required for the translocation of Hsp90 to the cell wall under caspofungin exposure, we generated a strain in which Hsp90 was labeled with EGFP in the stiA deletion background (Hsp90-EGFP[⌬stiA]). Hsp90 was still able to translocate from the cytosol to the cell wall and septa following caspofungin exposure in the absence of StiA ( Fig. 2A) , suggesting that both proteins may interact directly at the septa to compensate for caspofungin stress. However, while Hsp90 is known to accumulate in the nuclei under heat stress (8) , the loss of StiA prevented nuclear translocation of Hsp90, supporting a distinct role for StiA in this response ( Fig. 2A) .
The C-terminal EELD motif of Hsp70 is required for both caspofungin tolerance and thermal adaptation. We then focused on the conserved C-terminal EEVD motif of Hsp70 (EELD in A. fumigatus), which is known to bind to Hop/Sti1 in eukaryotes (19) . For this purpose, we generated a strain in which the acidic amino acid residues in this motif were mutated to nonpolar alanine residues and tagged with EGFP to visualize intracellular localization (Hsp70-AALA-EGFP strain). This mutation did not impact basal hyphal growth at 37°C but resulted in complete lack of growth under heat stress at 55°C and hypersensitivity to caspofungin with loss of the paradoxical effect at high caspofungin concentrations (Fig. 1) . A slight conidiation defect, as well as hypersensitivity to geldanamycin, suggestive of Hsp90 dysfunction due to Hsp70 mutation, was also observed in this strain (Fig. 1) .
To assess Hsp70 localization, we generated another strain in which the native Hsp70 protein was labeled with EGFP (Hsp70-EGFP). Hsp70 was uniformly distributed within the cytosol under basal growth conditions, and this localization was not affected by caspofungin ( Fig. 2A) . However, heat stress induced accumulation of Hsp70 into aggregated structures distinct from the nuclei (Fig. 2A) . Localization of Hsp70 was not affected by the AALA mutation ( Fig. 2A) .
To achieve a comparable pharmacologic inhibition of this motif, we used PES, an inhibitor of p53 binding to mitochondria that has been shown to inhibit the interaction of Hsp70 with cochaperones in its C-terminal domain (28) . PES by itself resulted in a slight growth-inhibitory effect on the A. fumigatus akuB KU80 strain but potentiated the effect of caspofungin and heat stress, an effect similar to that of the Hsp70-AALA mutation, albeit attenuated (Fig. 1) .
To verify the link between Hsp70 and StiA in triggering caspofungin and heat stress responses via Hsp90, we assessed the combined effect of genetic or pharmacologic compromise of both StiA and its Hsp70 C-terminal binding site. Treatment of the ⌬stiA mutant strain with PES resulted in a more pronounced additive effect on all Hsp90-dependent stress responses than the individual effects of stiA deletion or PES treatment (Fig. 1) . Response to heat stress was abolished, as was the paradoxical effect of caspofungin. The compromise of all three components of the Hsp70-StiA- bindings sites, the EEVD motif of Hsp90 (Hsp90-AAVA-EGFP) and the EELD motif of Hsp70 (Hsp70-AALA-EGFP), did not affect radial growth under basal conditions (37°C on GMM agar). However, all of these genetic modifications resulted in various degrees of Hsp90 dysfunction, as illustrated by the increased susceptibility to the Hsp90 inhibitor geldanamycin (GDA). Moreover, distinct effects on Hsp90-dependent stress responses were observed. While the Hsp70-AALA mutation resulted in the major impact on both heat and caspofungin (CSP) stress responses, including loss of the caspofungin paradoxical growth at a high concentration (4 g/ml), the Hsp90-AAVA mutation resulted only in impaired adaptation to heat stress. Deletion of stiA resulted predominantly in an effect on caspofungin susceptibility, despite conservation of the paradoxical effect, and a moderate effect on heat stress adaptation. The inhibitor of the C-terminal region of Hsp70 PES also induced some defect in the response to heat or caspofungin stress. The combination of stiA deletion with the Hsp70-AALA mutation (Hsp70-AALA-EGFP[⌬stiA]) or with PES supported the link between Hsp70 and StiA in triggering the Hsp90-mediated response to caspofungin stress with increased hypersensitivity to geldanamycin and loss of the caspofungin paradoxical effect. The combination of stiA deletion with the Hsp90-AAVA mutation (Hsp90-AAVA-EGFP[⌬stiA]) reinforced the effect of each single genetic modification on the loss of thermal adaptation, suggesting their link in this response. Photographs were taken after 5 days of growth at 37°C.
Hsp90 complex through concomitant Hsp90 inhibition by geldanamycin resulted in a complete growth defect (Fig. 1) . Mutation of the Hsp70 EELD motif in the stiA deletion background (Hsp70-AALA-EGFP[⌬stiA] strain) resulted in a similar nearly complete abolition of the heat and caspofungin stress responses compared to the Hsp70-AALA mutation alone and had an additive effect on geldanamycin susceptibility (Fig. 1) .
Taken together, these results support the link between the Hsp70-EELD motif and StiA in triggering Hsp90-dependent tolerance to caspofungin and heat stress. The fact that the Hsp70-AALA mutation had a greater impact than stiA deletion on both caspofungin and heat stress suggests that StiA may not be absolutely required for the transfer of client proteins from Hsp70 to Hsp90 or that Hsp70 also triggers other Hsp90-independent pathways in these responses.
The StiA binding site of Hsp90 (EEVD motif) is crucial for nuclear translocation of Hsp90 in heat stress response but not for caspofungin tolerance. In order to better define the functional interactions among Hsp90, Hsp70, and StiA, we mutated the conserved C-terminal EEVD domain of Hsp90, which is known to interact with StiA (19) , generating the Hsp90-AAVA-EGFP strain. This mutation affected the heat stress response and geldanamycin susceptibility, but tolerance to caspofungin was conserved (Fig.  1) . Consistent with these phenotypes, localization analyses showed that the Hsp90-AAVA mutated protein lost the ability to localize in the nuclei in response to heat stress, while cell wall translocation in the presence of caspofungin was conserved ( Fig.  2A) . A similar effect was observed following stiA deletion, suggesting that StiA binding to the Hsp90-EEVD motif is important for nuclear translocation and activation of Hsp90 in the heat stress response but not in caspofungin tolerance.
The addition of the Hsp90-AAVA mutation to the stiA deletion background (Hsp90-AAVA-EGFP[⌬stiA] strain) resulted in a more severe compromise of the heat stress response than the stiA deletion alone but did not enhance caspofungin susceptibility, and the paradoxical effect persisted (Fig. 1) . The concomitant genetic mutation of the EE(V/L)D motifs of both Hsp70 and Hsp90 in the akuB KU80 or ⌬stiA mutant background did not yield a viable strain. We concluded that the interaction between StiA and the Hsp90-EEVD domain is important for heat stress adaptation but not for caspofungin tolerance. Consistent with previous results obtained with yeasts (21, 22) , StiA may have a complex interaction (8) . While the cytosolic and nuclear localization of StiA was not affected by heat stress, caspofungin (CSP) induced the accumulation of StiA at the septa near the sites of cell wall damage. Hsp90 is known to accumulate at the septa and sites of hyphal regeneration upon caspofungin exposure, and this ability was conserved despite the deletion of stiA (Hsp90-EGFP[⌬stiA] strain) or mutation of the EEVD motif of Hsp90 (Hsp90-AAVA-EGFP). However, loss of StiA or mutation of the Hsp90-EEVD motif prevented the accumulation of Hsp90 in the nuclei in response to heat stress. Like Hsp90, Hsp70 was homogeneously distributed in the cytosol. However, this localization was not affected by caspofungin as for Hsp90, and heat stress resulted in accumulation in aggregated structures distinct from the nuclei. Mutation of the EELD domain (Hsp70-AALA-EGFP) did not affect Hsp70 localization. Photographs were taken after 16 to 20 h of growth on coverslips in liquid GMM at 37°C in the presence or absence of caspofungin (1 g/ml) and an additional hour of exposure at 55°C for heat stress. (B) Hsp90 and Hsp70 were found to be each other's major interactants, and this strong binding affinity was not altered by deletion of stiA or mutations of the Hsp90-EEVD or Hsp70-EELD domains, as shown by the high spectral counts (N spectra) recovered after pulldown of Hsp90 in the stiA deletion background (Hsp90-EGFP[⌬stiA] strain) and of the mutated Hsp90 and Hsp70 proteins (Hsp90-AAVA-EGFP and Hsp70-AALA-EGFP strains, respectively), which were comparable to those recovered after pulldown of native Hsp90 and Hsp70 in the Hsp90-EGFP and Hsp70-EGFP strains, respectively.
with Hsp90 involving sites other than the EEVD motif. Thus, StiA, the Hsp70-EELD motif, and the Hsp90-EEVD motif assume variable roles in modulating Hsp90 function in diverse stress responses.
StiA and its Hsp70-EELD and Hsp90-EEVD binding sites are not required for the physical interaction between Hsp70 and Hsp90. To further substantiate our genetic mutation findings, we investigated the mechanistic basis for the interactions among Hsp90, Hsp70, and StiA in A. fumigatus. We utilized the respective EGFPlabeled strains for purification of the macromolecular complex of each protein by GFP-Trap affinity chromatography and analyzed their respective interactomes by LC-MS/MS analysis. The list of binding proteins detected for each purified protein and their respective mutant proteins is available at: https://discovery.genome.duke.edu/ express/resources/3955/Lamoth_et_al_Dec_2014.sf3.
Proteomic analysis of StiA showed the predominance of both Hsp90 and Hsp70 proteins, and two-thirds of the StiA-bound proteins (including ribosomal proteins, cytoskeletal proteins, and metabolic enzymes) were also found in the Hsp90 and/or Hsp70 interactomes, which confirmed the major role of StiA as a linker between Hsp90 and Hsp70 for client protein activation.
Hsp90 and Hsp70 were found to interact strongly in the analysis of their respective interactomes. Interestingly, the interaction of Hsp90 and Hsp70 was conserved even in the absence of StiA (Hsp90-EGFP[⌬stiA] strain), as well as in the absence of its respective EE(V/L)D interaction sites on Hsp90 and Hsp70 (Hsp90-AAVA-EGFP and Hsp70-AALA-EGFP strains) (Fig. 2B) . Importantly, these data confirm that neither StiA nor its Hsp90-EEVD and Hsp70-EELD binding sites are required for the physical interaction of Hsp70 and Hsp90, despite their role in modulating the functional interactions within the Hsp70-Hsp90 complex.
Because mutation of the Hsp70-EELD binding domain was sufficient to impair caspofungin tolerance, we presumed that this effect resulted from the loss of interaction with a key client protein, requiring Hsp70 to enter the Hsp90 chaperone cycle for its activation in this pathway. We identified some proteins that were present in the Hsp70 interactome but not in that of the Hsp70-AALA mutant. Among them, the catalytic subunit of calcineurin (CnaA) was the only protein with a well-known role in Hsp90-mediated response to caspofungin stress, including the paradoxical effect of caspofungin (3, 10) . These data suggest that CnaA binds to Hsp70 to enter the Hsp90 chaperone cycle for its activation and that mutation of the Hsp70-EELD domain may disrupt the interaction between Hsp70 and CnaA.
DISCUSSION
In this study, we deciphered the genetic and physical interactions within the Hsp70-StiA-Hsp90 complex, the major chaperoning network of the pathogenic fungus A. fumigatus. While Hsp90 is known to play a key role in the antifungal resistance or tolerance of A. fumigatus and other fungi (7-10, 29, 30) , little is known about the contribution of Hsp70 to these processes. A recent study suggested that Hsp70 is involved in the intrinsic amphotericin B resistance of Aspergillus terreus (16) .
Here, we demonstrate a crucial role for Hsp70 in triggering tolerance to caspofungin, including the paradoxical effect. This function is dependent on a short conserved C-terminal motif (EELD) that binds to the Hsp90-Hsp70 organizing protein StiA and is mediated via Hsp90. StiA (Hop/Sti1) is known to be involved in the transfer of client proteins from Hsp70 to Hsp90 and to modulate Hsp90 function in eukaryotes (12) . Here we confirmed the regulatory role of StiA in Hsp90-dependent stress responses, especially in caspofungin tolerance but also demonstrated that neither StiA nor its respective interaction sites on Hsp90 and Hsp70 are essential for the physical interactions between Hsp90 and Hsp70. However, the three components of the Hsp70-StiA-Hsp90 complex demonstrated variable roles in diverse stress responses that are summarized in our hypothetical model (Fig. 3) . While the compensatory response to caspofungin is critically dependent on the presence of the Hsp70-EELD domain, StiA appears to have a modulatory role in facilitating the interaction between Hsp70 and Hsp90 in this cell wall stress response pathway. The Hsp90-EEVD motif is not required for caspofungin tolerance, probably because of the existence of other binding sites on Hsp90 (21, 22) . However, both Hsp70-EELD and Hsp90-EEVD motifs are required for heat stress adaptation, and StiA seems to have a role in this response by interacting with the Hsp90-EEVD motif for facilitating the nuclear translocation of Hsp90.
The Hsp90 chaperone cycle involving Hsp70 and Hop in eukaryotes has been well described for the folding and maturation of steroid receptors (31) . Other cochaperones, such as p23 and the high-molecular-weight peptidyl prolyl isomerases (such as FKBP51, FKBP52, and CyP-40) are known to modulate Hsp90 function during this process (12) . Our analyses focused primarily on the Hsp70-Hop (StiA) complex required for client protein transfer to Hsp90 and did not include all of the other cochaperones in A. fumigatus that are not well characterized. Whether the cooperation of Hsp70 and StiA is required for the folding and activation of most or only a subset of Hsp90 client proteins is unknown.
On the basis of our proteomic analysis, we tried to identify potential client proteins that may require the Hsp70-StiA-Hsp90 chaperone cycle for their activation in the pathways of caspofungin tolerance. The fact that calcineurin was found to be bound to Hsp70 but not Hsp70-AALA is of particular interest. Hsp90 and calcineurin are known to physically interact and to act in concert for compensatory mechanisms of the cell wall in response to caspofungin stress (10) . Hypersensitivity to caspofungin with loss of the paradoxical effect appears as the common hallmark resulting from Hsp90 repression (8, 9) , calcineurin deletion (3), or mutation of the Hsp70-EELD domain. Furthermore, StiA, like Hsp90, was found to localize to the septa after caspofungin treatment. Calcineurin is also known to be localized mainly at the septa (32) . Thus, we hypothesize that, under caspofungin-induced cell wall stress, both Hsp90 and StiA move to the septa and sites of cell wall regeneration to activate calcineurin via the Hsp70-StiAHsp90 chaperone cycle and that loss of the EELD motif of Hsp70 disrupts this link.
Mechanisms of tolerance to caspofungin in A. fumigatus are still poorly elucidated. Here, we provide an additional insight into this pathway showing that Hsp70 and StiA, in concert with Hsp90, are important coplayers in this response. This network represents an attractive antifungal target. However, both Hsp90 and Hsp70 are highly conserved and essential genes. Pharmacologic inhibition of Hsp90 by geldanamycin or derivatives thereof demonstrated a poor antifungal effect and is hampered by toxicity (8, 11, 33) . PES, a small molecule that interferes with the binding of client proteins in the C-terminal domain of Hsp70 and is used in anticancer drug research (28, 34) , exhibited minor antifungal activity in this study. However, PES potentiated the effect of caspofungin and showed an additive effect with other interventions compromising the Hsp70-StiA-Hsp90 complex, such as geldanamycin treatment or stiA deletion. These findings further support the key role of the Hsp70-StiA-Hsp90 complex in caspofungin tolerance, which can be targeted at different levels to enhance caspofungin activity against A. fumigatus.
